The development of novel strategies to construct collagen mimetic peptides capable of self-assembling into higher-order structures plays a critical role in the discovery of functional biomaterials. We herein report the construction of a novel type of amphiphile-like peptide conjugating the repetitive triple helical (GPO) m sequences characteristic of collagen with terminal hydrophilic aspartic acids. The amphiphilelike collagen mimic peptides containing a variable length of (Gly-Pro-Hyp) m sequences consistently generate well-ordered nanospherical supramolecular structures. The C-terminal aspartic acids have been revealed to play a determinant role in the appropriate self-assembly of amphiphile-like collagen mimic peptides. Their presence is a prerequisite for self-assembly, and their lengths could modulate the morphology of final assemblies. We have demonstrated for the first time that amphiphile-like collagen mimic peptides with terminal aspartic acids may provide a general and convenient strategy to create well-defined nanostructures in addition to amphiphile-like peptides utilizing b-sheet or a-helical coiledcoil motifs. The newly developed assembly strategy together with the ubiquitous natural function of collagen may lead to the generation of novel improved biomaterials.
Introduction
The multi-hierarchical self-assembly of collagen molecules into triple helices and higher-order structures is of pivotal importance in physiology and pathology.
1,2 Collagen, the most abundant protein in the human body, provides a molecular scaffold for structural integrity and mechanical strength.
3 Abnormalities in collagen structure are associated with a variety of connective tissue disorders such as osteogenesis imperfecta (OI), EhlersDanlos syndrome, and Alport syndrome. 4, 5 The unique triple helix structure of collagen results from its characteristic repetitive (Gly-X-Y) n amino acid sequences. The close packing of three chains requires Gly to be every third residue, while the hydrogen bonding between the amide proton of Gly and the carbonyl oxygen of a nearby X-position residue is critical in dening the triple helix conformation. [6] [7] [8] Imino acids Pro and Hyp are frequently found in the X and Y positions, respectively, enhancing the stability of the triple helix.
Model peptides with the repetitive (Gly-X-Y) n amino acid sequences have been constructed to investigate collagen structure and self-assembly. 6,9-11 A variety of approaches such as electrostatic interactions, 12-14 hydrophobic interactions, 15, 16 p-p stacking, 17 p-cation interactions, 18 triple helical nucleation 19 and metal-ligand interactions [20] [21] [22] [23] [24] [25] [26] [27] have been harnessed to facilitate the self-assembly of collagen mimic peptides into a wide range of supramolecular structures including bers, meshes, microorettes, nanodiscs, and nanosheets. The development of novel strategies to create collagen mimic peptides capable to self-assemble into higherorder structures plays a critical role in the discovery of functional biomaterials.
Amphiphilic peptides have shown fascinating ability to spontaneously aggregate into a large variety of supramolecular self-assembled structures such as nanobers, nanoribbons, nanotapes, nanotubes and nanovesicles. [28] [29] [30] [31] [32] [33] [34] Peptide amphiphiles (PA) are oen designed to mimic surfactant molecules containing a single polar head composed of hydrophilic amino acids and a longer hydrophobic tail consisting of nonpolar amino acids or alkyl chains.
33
Heteropolymeric peptide amphiphiles containing collagen sequences have been constructed by Fields' and Tirrell's groups, and they have shown enhanced triple helix stability compared to the analogous peptide and they can be applied for surface modication and cell receptor binding. 35, 36 Recently, a peptide amphiphile constructed by conjugating a single hydrophobic alkyl chain with a collagen mimic peptide has been shown to form selfassembled nanobers.
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Amphiphile-like peptides containing a hydrophilic head composed of one or two charged amino acids and a hydrophobic tail composed of several consecutive amino acids of increased hydrophobicity have recently been shown to spontaneously self-assemble to form well-ordered nanostructures including micelles, nanovesicles, and nanotubes. 30 39 These studies suggested that peptides containing hydrophilic aspartic acids at one terminus and consecutive amino acids of increased hydrophobicity at the other terminus may provide a convenient approach to construct self-assembled nanostructures.
We herein report the design of amphiphile-like collagen mimic peptides consisting of only natural amino acids, which facilitate easy synthesis and high biocompatibility. The peptides contain a single hydrophilic head composed of charged aspartic acids conjugated with the repetitive triple helical (GPO) m sequences of increased hydrophobicity. We have demonstrated for the rst time that these amphiphile-like collagen mimic peptides with terminal aspartic acids may provide a general and convenient strategy to construct welldened nanostructures.
Experimental section

Peptide synthesis
Peptides were synthesized in-house by standard Fmoc solid phase synthesis method. Briey, the peptides were assembled on 2-chlorotrityl chloride resin (substitution level ¼ 0.88 mmol g À1 resin) at a 0.1 mmol scale. Stepwise couplings of amino acids were accomplished using a double coupling method with Fmoc-amino acids (4 eq.), DIEA (6 eq.) and activator reagents (HBTU + HOBt 0.66 mmol ml À1 , 4 eq.). The reaction mixture was washed with DMF (3 Â 5 ml) and DCM (3 Â 5 ml) aer each step of coupling, and the Fmoc protection group was removed with 20% piperidine in DMF. 
Circular dichroism spectroscopy CD spectra were acquired on an Aviv model 400 spectrophotometer (Applied Photophysics Ltd, England) with a Peltier temperature controller. Peptides were prepared at a concentration of 400 mM in 10 mM phosphate buffer at pH 7.0 or 200 mM glycine-HCl buffer at pH 3.0, respectively. The samples were equilibrated for at least 24 h at 4 C prior to the CD measurements. Cells with a path length of 1 mm were used. Wavelength scans were conducted from 215 to 260 nm with a 0.5 nm increment per step and a 0.5 s averaging time. Thermal unfolding curves were measured by monitoring the amplitude of the characteristic CD peak at 225 nm, while the temperature was increased 0.3 C min À1 from 4 C to 70 C with an equilibration time of 2 min at each temperature. The melting temperature (T m ) was calculated from the rst derivative of the thermal unfolding curves. 
Results and discussion
Design of collagen mimic peptides
We herein construct amphiphile-like peptides (GPO) m D n (m ¼ 5, 7, 9; n ¼ 0, 2, 5) incorporating hydrophilic aspartic acids at one terminus and a relatively hydrophobic tail of repetitive (GPO) m sequences at the other terminus (Fig. 1) . The most widely used method to describe the hydrophobicity or hydrophilicity of a compound or peptide is the octanol-water partition coefficient log P. Here, to describe the relative hydrophobicity of two terminals of designed peptides, A log P was calculated. 40 A log P of the amino acids or groups was calculated by summing the hydrophobic constant of each atom using Discovery Studio (version 2.5.5). The A log P of amino acids Gly, Pro, Hyp and Asp was À1.145, À0.116, À1.207 and À2.753, respectively. A more negative value of A log P represented a more hydrophilic amino acid, suggesting that Pro is more hydrophobic than Gly and Hyp, while all these three residues are more hydrophobic than Asp. The A log P of amino acid groups GPO, GGG and DD was À2.511, À3.025 and À5.303, respectively, suggesting that all the residue groups GPO and GGG were more hydrophobic than DD. These results suggested that our constructed peptides (GPO) m D 2 (m ¼ 5, 7, 9) as well as previously reported peptides G n D 2 (n ¼ 4, 6, 8, 10) were amphiphile-like.
Three peptides (GPO) 7 D 2 , (GPO) 5 D 2 , and (GPO) 9 D 2 were constructed to investigate if the lengths of the repetitive GPO triplets affect the self-assembly of the peptides. The GPO triplet is the most abundant amino acid sequence in collagen, and is known to stabilize the triple helix structure. Two more peptides (GPO) 7 and (GPO) 7 D 5 were constructed to evaluate if the number of aspartic acids modulates the self-assembly of the peptides. All the peptides were composed of only natural amino acids, leading to high biocompatibility and easy synthesis.
Self-assembly of peptide (GPO) 7 DD
To mimic collagen, the constructed peptides should possess the characteristic collagen triple helix structure. The terminal negatively charged amino acids may provide peptide (GPO) 7 DD pH-responsive properties, and its pI was calculated as 3.6. We therefore characterized the peptide at two pHs: pH 7.0 at which the peptide was negatively charged, and pH 3.0 at which the peptide was almost neutral (Fig. 2a-f) . Circular dichroism (CD) spectra of peptide (GPO) 7 DD exhibited a characteristic peak at 225 nm at both pH 7.0 and pH 3.0, indicating the formation of triple helix structure. Thermal unfolding studies showed that peptide (GPO) 7 DD formed a stable triple helix with a melting temperature (T m ) of 25.0 C for pH 7.0 and 29.2 C for pH 3, respectively. The CD results suggested that the peptide could form stable triple helix conformation under a wide range of pHs, while the repulsive electrostatic interactions of the terminal charged aspartic acids nely tuned the thermal stability of the peptide (Fig. 2a-f) . The ability of peptide (GPO) 7 DD to self-assemble was monitored by dynamic light scattering (DLS). Peptide solutions with a concentration of 0.5 mg ml À1 were prepared, and maintained at 4 C. The peptide solution was heated at 20 C for 30 min to initiate the self-assembly, and incubated at 4 C for 60 h. These conditions were optimized, as earlier studies have suggested that the temperature near T m is a favoured condition for the self-assembly of collagen mimic peptides, since the loosening of the triple helix and the increased mobility of side chains may promote intermolecular interactions leading to supramolecular structures. 41 The DLS data showed that the peptide stored at 4 C (black) displayed a hydrodynamic radius of approximately 2 nm, suggesting no aggregate formation (Fig. S1 †) . The incubation at 4 C for 60 h aer preheating at 20 C for 30 min (red) signicantly increased the hydrodynamic radius to be $300 nm, indicating the formation of large assembled particles (Fig. S1 †) . The morphology of the assembled materials formed by peptide (GPO) 7 DD was characterized by transmission electron microscopy (TEM). Peptide solutions of (GPO) 7 DD with a concentration of 0.5 mg ml À1 were prepared in 100 mM HEPES buffer, pH 7.0. TEM image of the peptide maintained at 4 C without preheating indicated the absence of any assembled supramolecular structures (Fig. 3a) . In contrast, TEM images of the peptide incubated at 4 C for 60 h aer preheating at 20 C for 30 min resulted in relatively uniformly distributed nanospheres with an average diameter of $300 AE 10 nm (Fig. 3b-c) .
It suggested that the amphiphile-like collagen mimic peptides may provide an excellent strategy to create well-ordered nanospheres. The peptide solution incubated at 4 C for 60 h aer preheating at 20 C for 30 min was also characterized by CD (Fig. 2g-i) . The CD spectra exhibited a characteristic peak at 225 nm, indicating that the assembled peptide maintained the triple helix structure. Thermal unfolding studies further demonstrated that the assembled peptide formed a stable triple helix with a melting temperature (T m ) of 31.0 C, which was 6 C higher than the T m of the free, un-assembled peptide (25.0 C).
These results indicated that the self-assembly of peptide (GPO) 7 DD into nanospheres stabilized the triple helix structure.
The effect of the (GPO) m sequences on the self-assembly of collagen mimic peptides Peptides (GPO) 5 D 2 and (GPO) 9 D 2 were constructed to evaluate whether the lengths of the GPO triplets affect the self-assembly of the amphiphile-like collagen mimic peptides. Both peptides were prepared at a concentration of 400 mM in 10 mM phosphate buffer at pH 7.0. CD spectra of peptide (GPO) 5 D 2 displayed a distinct peak at 225 nm at 4 C, while its thermal unfolding studies indicated a linear decrease of the CD 225 nm intensity during its melting, suggesting that peptide (GPO) 5 D 2 may contain some triple helical species at 4 C, but it could not form stable triple helix at higher temperatures (Fig. S2a-c †) . Meanwhile, CD spectra of peptide (GPO) 9 D 2 contained a characteristic peak at 225 nm at 4 C, and its thermal unfolding studies indicated that peptide (GPO) 9 D 2 formed a stable triple helix with T m of 51.8 C (Fig. S2d-f †) .
The morphology of the assembled materials formed by both peptides was characterized by transmission electron microscopy (TEM). Peptide solutions with a concentration of 0.5 mg ml À1 were prepared in 100 mM HEPES buffer, pH 7.0. Peptide (GPO) 5 DD was incubated at 4 C for 60 h. Peptide(GPO) 9 DD was heated at 47 C for 30 min and incubated at 4 C for 60 h. The DLS data showed that both peptides displayed a large hydrodynamic radius aer incubation, indicating the formation of assembled particles (Fig. S3 †) . TEM image of the assemblies of peptide (GPO) 5 DD revealed uniformly distributed nanospheres with an average diameter of $325 AE 10 nm (Fig. 4a and  b) , while TEM image of peptide (GPO) 9 DD showed nanospheres with an average diameter of $270 AE 10 nm ( Fig. 4c and d) . These results indicated that amphiphile-like collagen mimic peptides (GPO) m DD with a variable length of GPO triplets (m ¼ 5, 7, 9) all resulted in relatively uniform nanospheres. As the lengths of the triple helix formed by peptides (GPO) 5 DD, (GPO) 7 DD and (GPO) 9 DD were gradually increased, the nanoparticle size of the assemblies became smaller. It implied that smaller collagen mimic peptides may be more exible and easier to nucleate and aggregate. The lengths of the (GPO) m sequences may not affect the proper self-assembly of the peptides, while they may nely tune the size of the nal assembled nanospheres.
The effect of the aspartic acids on the self-assembly of collagen mimic peptides Peptides (GPO) 7 and (GPO) 7 D 5 were designed to examine whether the number of aspartic acids at C-terminal affect the self-assembly of the amphiphile-like collagen mimic peptides.
Both peptides with a concentration of 400 mM were prepared in 10 mM phosphate buffer, pH 7.0. CD spectra of peptide (GPO) 7 showed a typical peak at 225 nm at 4 C, and its thermal unfolding studies indicated that peptide (GPO) 7 formed a stable triple helix with T m of 33.1 C (Fig. S4a-c †) . Meanwhile, CD spectra of peptide (GPO) 7 D 5 contained a characteristic peak at 225 nm at 4 C, while its thermal unfolding studies showed a linear decrease of the CD 225 nm intensity, suggesting that peptide (GPO) 7 D 5 may possess some triple helical species at 4 C, but it could not form stable triple helix at higher temperatures ( Fig. S4d-f †) . Peptide (GPO) 7 D 5 was incubated at 4 C for 60 h. C for 60 h after preheating at 20 C for 30 min (b and c). Peptide solutions of (GPO) 7 DD with a concentration of 0.5 mg ml
À1
were prepared in 100 mM HEPES buffer, pH 7.0. À1 were prepared in 100 mM HEPES buffer, pH 7.0. Peptide (GPO) 5 DD was incubated at 4 C for 60 h. Peptide (GPO) 9 DD was heated at 47 C for 30 min and incubated at 4
C for 60 h.
The morphology of the assembled materials formed by peptides (GPO) 7 and (GPO) 7 D 5 were characterized by transmission electron microscopy (TEM). Peptide solutions with a concentration of 0.5 mg ml À1 were prepared in 100 mM HEPES buffer, pH 7.0. Peptide (GPO) 7 was heated at 28 C for 30 min and incubated at 4 C for 60 h, while peptide (GPO) 7 D 5 was incubated at 4 C for 60 h. TEM image of peptide (GPO) 7 did not indicate the presence of any assemblies (Fig. 5a ). In contrast, TEM image of peptide (GPO) 7 D 5 revealed the formation of some brous assemblies (Fig. 5b) . These results indicated that the C-terminal aspartic acids played a determinant role in the proper self-assembly of amphiphile-like collagen mimic peptides. The presence of C-terminal aspartic acids is required to initiate the self-assembly, while a proper number of aspartic acids is needed to modulate the morphology of nal assemblies.
Conclusions
The construction of novel collagen mimetic peptides capable to self-assemble into well-dened supramolecular structures plays an essential role in the discovery of functional biomaterials. Amphiphile-like peptides have attracted extensive attention as molecular building blocks for the fabrication of higher-order structures and they have shown promising applications in the elds of bioengineering and biotechnology. 42, 43 A variety of supramolecular structures have been achieved utilizing amphiphile-like peptides composed of b-sheet or a-helical coiled-coil motifs.
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We herein report the construction of amphiphile-like peptides consisting of the repetitive triple helical (GPO) m sequences characteristic of collagen and terminal hydrophilic aspartic acids. The amphiphile-like collagen mimic peptides consisting of (Gly-Pro-Hyp) m sequences of variable lengths consistently form well-ordered nanospherical supramolecular structures, indicating that the lengths of the (GPO) m sequences may not interfere the proper self-assembly of the peptides, while they could probably nely tune the size of the nal assembled nanospheres. In contrast, the C-terminal aspartic acids played a determinant role in the appropriate self-assembly of amphiphile-like collagen mimic peptides, whose presence is a prerequisite for the self-assembly, and whose lengths could modulate the morphology of nal assemblies.
We have demonstrated for the rst time that amphiphile-like collagen mimic peptides with terminal aspartic acids may provide a general and convenient strategy to create well-dened nanostructures in addition to amphiphile-like peptides composed of b-sheet or a-helical coiled-coil motifs. The collagen mimic peptides are composed of only natural amino acids, which will facilitate easy synthesis as well as superior biocompatibility of the peptides for promising biological applications. The newly developed assembly strategy together with the ubiquitous natural function of collagen may lead to the generation of novel improved biomaterials.
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